Introduction {#sec1}
============

Nearly 10,000 genetic diseases have been identified, which affects millions of families around the world. However, less than 6% of genetic diseases have approved treatments.[@bib1] To reduce the burden of genetic diseases in affected families and individuals, breakthroughs in diagnosis and therapeutic methods are urgently needed. Although preimplantation genetic diagnosis (PGD) is useful to prevent the generational transmission of the mutant allele to embryos, the potential risk for diagnostic errors still exists. On the other hand, gene therapy potentially provides an active approach for correcting the genetic diseases.[@bib2]

Genome editing technologies, especially those based on CRISRP/Cas9, have been successfully applied in genome manipulation,[@bib3] which has inspired a brilliant outlook that the pathogenic mutation can be precisely repaired to achieve therapeutic effects.[@bib4], [@bib5] Moreover, recent successes in precise genome editing trials in early human embryos have suggested a potentially true cure for genetic diseases.[@bib6], [@bib7] However, genome editing of human embryos caused huge concerns because of ethical issues and technical uncertainties regarding the efficiency and off-target effects.[@bib8], [@bib9] It is well-known that genome editing through CRISPR/Cas9 generates double-strand breaks (DSBs) that evoke the error-prone non-homologous end joining (NHEJ) DNA repair pathway after, which causes off-target mutagenesis.[@bib10] The recently developed base editor (BE) system was constructed by fusing the deaminase to the dCas9 protein.[@bib11] BE efficiently edits the mutation without donor, which is required for precise genome editing through homologous recombination at low efficiency. BE edits specific sites by C-to-T or G-to-A conversion without DSB formation, providing a safer genome editing tool with low off-target effects.[@bib12], [@bib13] BE has been applied in plants and animals, and has shown enormous advantages in precise base-level genome editing compared with CRISPR/Cas9.[@bib14] Based on the developments of the BE systems, several studies have been undertaken and have proven the efficiency and safety of BE in human embryos.[@bib15], [@bib16], [@bib17]

These previous studies, by others and our own, have suggested the technical feasibility of correcting genetic diseases at the embryo stage.[@bib11] With this success, we set out to try to correct a pathogenic gene mutation in human embryos. To this end, we focused on the *FBN1* mutation that is causative for Marfan syndrome (MFS), an autosomal dominant disorder with the frequency of 0.2‰ in the world.[@bib18] MFS was initially described over 100 years ago and can be diagnosed with the characteristic abnormalities in connective tissues.[@bib19] In this study, taking advantage of the BE3 base editing system, we achieved specific correction of a MFS pathogenic *FBN1* mutation first in a human cell line and then in human zygotic embryos. Our study therefore provides a proof-of-principle for the technical feasibility of gene therapy for MFS.

Results {#sec2}
=======

The T7498C Mutation of the *FBN1* Was Created Using CRISPR/Cas9 Combined with ssODN in HEK293T Cells {#sec2.1}
----------------------------------------------------------------------------------------------------

An adult male patient diagnosed with MFS based on clinical characteristics, including funnel chest and flatfoot, was found to carry a reported causative heterozygous T7498C mutation at the *FBN1* gene.[@bib18] We further confirmed the mutation of *FBN1*^*T7498C*^ using the donated blood and sperm of the patient by sequencing ([Figure S1](#mmc1){ref-type="supplementary-material"}). Meanwhile, we thoroughly analyzed the sequence around the mutation site and found it was suitable for correction using the BE system that introduces a C-to-T conversion guided by a targeting single guide RNA (sgRNA).

To demonstrate the feasibility, we created a cell model harboring a *FBN1*^*T7498C*^ mutation using SpCas9 protein, sgRNA (hereafter mutational sgRNA), and the ssODN donor containing the sequence of the desired mutant allele ([Figures 1](#fig1){ref-type="fig"}A and 1B). The length of the ssODN was 110 nt to ensure efficient homologous recombination (HR).[@bib20] Three days after transfection of the ribonucleoprotein (RNP) complex containing SpCas9 protein/sgRNA and ssODN, the HEK293T cells were collected. Single cells were sorted into the wells of a 96-well plate for obtaining individual colonies. A portion of the unsorted cells was used for the DNA extraction and genotyping by T7EN1 assay. The results showed clear cleavage bands ([Figure 1](#fig1){ref-type="fig"}C), demonstrating that Cas9/sgRNA mediated efficient genome editing. With this, we further genotyped single-cell clones to confirm the mutations mediated by Cas9/sgRNA-assisted HR. A total of 22 colonies were analyzed by Sanger sequencing ([Figure 1](#fig1){ref-type="fig"}D). Among these colonies, 9 were genotyped with only the wild-type alleles, and the remaining 13 (about 60%) had 12 kinds of mutations detected, including 11 kinds of indels or desirable point mutation ([Figure 1](#fig1){ref-type="fig"}D). Two cell colonies harbored the intended mutation in homozygous fashion, as shown by the Sanger sequencing chromatogram ([Figure 1](#fig1){ref-type="fig"}E). One of the homozygous *FBN1*^*T7498C*^ cell colonies was picked for further study.Figure 1The Generation of Single-Cell Clones Harboring the *FBN1*^*T7498C*^ Mutation by Cas9/sgRNA-Assisted Homologous Recombination(A) Schematic illustration of the experimental procedure for the generation and correction of pathogenic mutation. The left flowchart shows the pathogenic *FBN1*^*T7498C*^ mutation is first created by Cas9/sgRNA-assisted homologous recombination (HR) using an ssODN as a template in HEK293T cells; then the mutation is corrected by base editor. (B) Graphical representation of the Cas9/sgRNA-assisted HR. The T-to-C base substitution at exon 61 of the *FBN1* gene located on chromosome 15 is achieved by Cas9/sgRNA-assisted HR using an ssODN as a template. The "A" highlighted in green at the sgRNA-targeted site was replaced by an "a" in lowercase in the template ssODN. The protospacer-adjacent motif (PAM) sequences are underlined; the targeting sequences are highlighted in red. (C) Detection of genome editing by T7EN1. The RNP was transfected into the HEK293T cells. Two days later, the cells were collected, and the DNA was extracted and used for analysis. (D) Genotype analysis of the single-cell clones with genome editing. The single cell was picked by fluorescence activated cell sorting (FACS) after genome editing. The cell clones from the single cell were collected. The genomic DNA was extracted and amplified by PCR. TA clones of the PCR products were analyzed by DNA sequencing. The PAM sequences are underlined; the modified bases are highlighted in red; deletions (−), insertions (+); the left N/N represents the genotypes of two alleles of the single clone, and the right represents the clone number harboring the genotype among the total 22 single clones sequenced. The left \#N indicated the serial number of the genotype. (E) The representative Sanger sequencing chromatogram of genomic DNA from the single clone harboring the homozygous mutation. The red star indicates the substituted base.

Next, the off-target for the mutational sgRNA was examined to ensure the specificity. A total of seven off-target sites were predicted using published software. Using the genomic DNA from the homozygous *FBN1*^*T7498C*^ cell colony, the sequences around the seven off-target sites were amplified and subjected for T7EN1 assay. No cleavage bands for any of these sites were observed ([Figure S2](#mmc1){ref-type="supplementary-material"}A), suggesting that the off-target effects were likely to be minimal. Meanwhile, the PCR products were subjected to Sanger sequencing. As expected, no mutational peaks were observed ([Figure S2](#mmc1){ref-type="supplementary-material"}B), further confirming the specificity.

Correction of the T7498C Mutation by BE3 in Mutant HEK293T Cells with High Specificity {#sec2.2}
--------------------------------------------------------------------------------------

The high fidelity of base editing encouraged us to test the possibility of correcting the T7498C mutation in the *FBN1*^*T7498C*^ cells using BE3. Therefore, we designed the sgRNA (hereafter correctional sgRNA) ([Figure 2](#fig2){ref-type="fig"}A). The *FBN1*^*T7498C*^ cells described above were transfected with the correctional sgRNA and BE3-expressing plasmids. Three days later, the cells were collected, and the genomic DNA was extracted and used as the template to amplify the target sequence. The PCR products were subjected for Sanger sequencing. The results showed that, different from the single peaks detected in either the wild-type or *FBN1*^*T7498C*^ cells, double peaks were observed in targeted cells ([Figure 2](#fig2){ref-type="fig"}B), indicative of occurrence of correction events. The PCR products were TA cloned and sequenced to confirm the correction of mutation. The results showed that 10 of 20 (50%) clones were edited. Among these edited clones, eight had desirable C-to-T correction at 7498 ([Figure 2](#fig2){ref-type="fig"}D), whereas the remaining two had unwanted C-to-G conversion at 7498 or C-to-T conversion at other positions ([Figure 2](#fig2){ref-type="fig"}C). Therefore, the overall efficiency of *FBN1*^*T7498C*^ allele correction by the base editing system was high.Figure 2Correction of the Pathogenic *FBN1*^*T7498C*^ Mutation by Base Editing in Human Cells(A) Schematic illustration of the correction of the pathogenic *FBN1*^*T7498C*^ mutation. The "g" in lowercase highlighted in green at the targeted site was substituted by a "g" in lowercase in green. The PAM sequences are underlined; the targeting sequence is highlighted in red. (B) The representative chromatogram of the sequencing of PCR products. The cells harboring the FBN1T7498C mutation were transfected with sgRNA and BE3-expressing plasmids. The cells were collected, and the genomic DNA was extracted and amplified by PCR. The PCR products were analyzed by DNA sequencing. The red star indicates the substituted base. (C) Sequencing analysis of the base editing. TA clones of the PCR products from (B) were analyzed by DNA sequencing. The PAM sequences are underlined; the targeted bases in lowercase are highlighted in green; the modified bases in red; the N/N represents positive colonies out of the total sequenced. (D) The representative chromatogram of the sequencing of TA clones. TA clones from (C) were sequenced. The red star indicates the substituted base.

Correction of the T7498C Mutation by BE3 in Heterozygous Mutant Embryos with High Specificity {#sec2.3}
---------------------------------------------------------------------------------------------

The efficient and specific correction of the MFS pathogenic *FBN1*^*T7498C*^ mutation encouraged us to test this process in human embryos. The immature oocytes were collected for research with the informed consent from individual donors. The collected oocytes were first subjected to *in vitro* maturation. Then the matured oocytes were used for *in vitro* fertilization (IVF) by ICSI (intracytoplasmic sperm injection) of single sperm donated by the MFS patient with the heterozygous *FBN1*^*T7498C*^ mutation ([Figure 3](#fig3){ref-type="fig"}A). 16--18 hr later, all of the zygotes were collected, and some of them were microinjected with the mRNA of BE3 and the correctional sgRNA at concentrations of 100 and 50 ng/μL, respectively. As the control, the other zygotes were microinjected similarly with the mRNA of BE3 and the scrambled sgRNA. The embryos were further cultured for 2 days and then collected for analysis. A total of seven testing and seven control embryos that showed apparently normal development were obtained ([Figure 3](#fig3){ref-type="fig"}B). All samples were used for whole-genome amplification and then genotyped by Sanger sequencing. As shown in the sequence chromatograms, all of the testing embryos showed A at the 7498 site (G~4~ site), whereas three of seven control embryos harbored G (about 50%, as expected), indicating that allele correction in testing embryos occurred at a rate of near 100% ([Figures 3](#fig3){ref-type="fig"}C and 3D; Embryo-1∼7 in [Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Nevertheless, an unwanted C-to-T conversion in addition to the desirable correction was detected in Embryo-7 ([Figure 3](#fig3){ref-type="fig"}C). To further characterize the BE3-mediated base editing, another 11 embryos were used to repeat the test by microinjection of BE3 and the correctional sgRNA as above. Sequencing the PCR products of the target site showed that 10 of the edited embryos yielded completed conversion at the 7498 site, besides Embryo-9, which harbored about 60% G-to-A at the 7498 site. These results showed BE3 mediated efficient correction of the pathogenic mutation in embryos.Figure 3Correction of the Pathogenic FBN1^T7498C^ Mutation by Base Editing in Heterozygous Human Embryos(A) Schematic illustration of the experimental procedure for the correction of the pathogenic mutation by base editor in human embryos. (B) The development stage of the corrected embryos and the control embryos before and after treatment. (C) The representative chromatogram of the sequencing of PCR products from the corrected human embryos. The human embryos treated with base editor were collected, and the genomic DNA was extracted and amplified by PCR. The PCR products were analyzed by DNA sequencing. The red stars indicate the target base; the arrow indicates another base substitution in the target region. (D) The representative chromatogram of the sequencing of PCR products from the control human embryos. The control human embryos were collected, and the genomic DNA was extracted and amplified by PCR. The PCR products were analyzed by DNA sequencing. The red stars indicate the target base; the mixed peaks at the target site in Control-1 indicate the different kinds of nucleotides. (E) The genotyping analysis by deep sequencing. All of the samples, including three control and seven corrected human embryos, were collected, and the genomic DNA was extracted and amplified by PCR. The PCR products were analyzed by deep sequencing. The percentage of different genotypes of all samples was calculated.

To thoroughly characterize the editing effects, we comprehensively analyzed by deep sequencing all seven testing samples (Embryo-1∼7 in [Figure S3](#mmc1){ref-type="supplementary-material"}A) and the three control samples from embryos with the heterozygous genotype. The results showed that all three control embryos harbored nearly half of the wild-type and half of the mutant alleles ([Figure 3](#fig3){ref-type="fig"}E). For the testing embryos, six embryos showed 100% wild-type alleles without other base conversion or indels, indicative of efficient and isogenic allele correction. As expected, about 20% of the genetic material from Embryo-7 showed two C-to-T conversions (C1 and C4). Taken together, these results demonstrated the high efficiency and precision of BE in correcting the MFS pathogenic *FBN1*^*T7498C*^ mutation in human embryos.

The detection of unwanted conversion reminds us to test the YE1-BE3 and YEE-BE3 narrow editing window.[@bib21] The test in the *FBN1*^*T7498C*^ cells by Sanger sequencing combined with deep sequencing PCR products showed, as expected, YE1-BE3 and YEE-BE3 did not mediate unwanted base editing at the G~1~ site as BE3, but introduced G-to-A conversion at the G~4~ site at lower efficiency than BE3 (40% and 30% for YE1-BE3 and YEE-BE3, respectively, versus 50% for BE3) ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). We performed further analysis in embryos (10 for YE1-BE3 and 11 for YEE-BE3). Sequencing the PCR products showed no unwanted base conversion was detected over all 21 samples ([Figure S5](#mmc1){ref-type="supplementary-material"}). Further analyses showed, besides wild-type genotypes, which indicate complete correction, three samples from YE1-BE3 (Embryo-19, -23, and -26) harbored pathogenic genotype and six samples from YEE-BE3 (Embryo-29, -32, -33, -36, -38, and -39) contained both wild genotype and pathogenic genotype. Taken together, BE3 introduces more efficient, whereas YE1-BE3 and YEE-BE3 perform more precise, *in vivo* base editing.

Off-Target Detection by Deep Sequencing and Whole-Genome Sequencing {#sec2.4}
-------------------------------------------------------------------

Given that off-target mutagenesis is the main concern of genome editing, 32 potential off-target sites with up to 4-nt mismatch for the correctional sgRNA were amplified with PCR from seven corrected samples (Embryo-1∼7) and three control samples (Control-1, Control-2, and Control-7) from heterozygous embryos. The PCR products for each site were equally mixed and subjected for deep sequencing. The data analysis of the deep sequencing showed that no off-target and indels were detected ([Figure 4](#fig4){ref-type="fig"}; [Figure S6](#mmc1){ref-type="supplementary-material"}). We further performed whole-genome sequencing to identify the off-target mutation for Embryo-7, Control-1, and Control-2. All of the potential off-target sites (419) with up to five mismatches that differ from the correctional sgRNA were analyzed. After excluding the false-positive sites depending on the database of single nucleotide polymorphisms (dbSNPs) and the control embryos, no off-target was detected ([Table 1](#tbl1){ref-type="table"}). These results demonstrated the safety of correcting pathogenic mutation by base editing in human early embryos.Figure 4Off-Target Analysis of the Corrected and Control Human Heterozygous EmbryosGenomic DNA from seven corrected and three control human embryos was collected, and the genomic DNA was extracted and amplified by PCR. The PCR products were analyzed by deep sequencing. The percentage of C-to-T within a 10-nt window near the PAM-distal end of the protospacer at 32 potential off-target sites was calculated. The PAM sequences are underlined; the mismatch sites are highlighted in red.Table 1Genome-Wide Sequencing Analysis for the Off-TargetTotal SNPsSNPs after Excluding dbSNPsC→T SNPsC→A SNPsC→G SNPsG→A SNPsG→T SNPsG→C SNPsPossible Off-Target Sites (419 Sites)Control-52,217,143589,14889,39527,78741,74890,28627,41541,279--Control-62,235,681614,848101,89527,70141,909102,16327,57841,325--Embryo-72,048,936592,21998,08625,94539,55297,88825,87739,2090Uniquely assigned to Embryo-7349,900132,94639,6124,4695,48239,4404,5745,3750

Discussion {#sec3}
==========

With the development of DNA sequencing, accumulating diseases resulting from genetic mutations have been characterized. The emergence of CIRSPR/Cas9 genome editing technology has revolutionized the genomic researches. It has also reignited the enthusiasm to gene therapy, which aims at correcting the pathogenic mutation in affected patients.[@bib3] But the efficiency and safety of the genome editing in human embryos caused huge concerns.[@bib2]

The recently developed base editing system featuring precise and specific base substitution capability is considered more suitable for genetic diseases that attributed to base mutation described in the ClinVar database.[@bib11] Taking advantage of BE, here we achieved correction of the MFS pathogenic *FBN1* mutation by base editing in both human cells and heterozygous embryos. These results have instilled some hope that a genetic disease that has no current treatment is potentially correctable with a cutting-edge genome editing tool.

Besides efficiency, a successful gene therapy needs perfect precision and specificity. Conventional CRISPR/Cas9 triggers an error-prone, NHEJ DNA repair pathway after introducing a DSB, which causes uncontrollable indels.[@bib22] Base editing edits specific sites by base conversion without introduction of DSBs, providing a safer genome editing tool with low off-target effects.[@bib23], [@bib24], [@bib25] Consistent with this notion, by several types of assays, our results showed precise base substitution without detection of off-target and indels by BE in both the cell line and embryos, which may be caused by the specificity of the correctional sgRNA.[@bib14] Nevertheless, some unwanted base conversion events were detected, which shows that to further narrow down the editing window would be a focus of future technical improvement.[@bib21]

In summary, we achieved correction of the MFS pathogenic mutation in the *FBN1* gene in human embryos. The correction by BE-mediated base conversion was highly efficient and specific, demonstrating the feasibility of base editing in genetic correction and providing a possible treatment of MFS.

Materials and Methods {#sec4}
=====================

Ethical Statement {#sec4.1}
-----------------

The study was approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou Medical University. Before collection of immature oocytes, all patients have signed the informed consent where they agreed to the use of their discarded oocytes for scientific research. The patient with MFS also signed the informed consent for donating his blood and semen samples for research. All related clinical and experimental procedures were conducted at the Center for Reproductive Medicine, the Third Affiliated Hospital of Guangzhou Medical University.

Plasmid Construction and *In Vitro* Transcription {#sec4.2}
-------------------------------------------------

The oligos for mutation and correctional sgRNA were synthesized, cloned into the pGL3-U6-sgRNA-PGK-puromycin (51133; Addgene) and pUC57-sgRNA expression vector (51132; Addgene), and *in vitro* transcribed as the reported protocol:[@bib17] mutation sgRNA, 5′-*CGCCAATGGTGTTAACAC****A****T[AG]{.ul}*[G]{.ul}-3′; correctional sgRNA, 5′-[CCG]{.ul}CCAATGGTGTTAACAC**g**TAG-3′. Besides, the correctional sgRNA was also cloned into the pGL3-U6-sgRNA-PGK-GFP plasmid for the comparison of BE3, YE1-BE3, and YEE-BE3. The plasmids of Cas9 (44758; Addgene), BE3 (73021; Addgene), YE1-BE3 (85174; Addgene), and YEE-BE3 (85177; Addgene) were used, and these plasmids were transcribed *in vitro* as the reported protocol.[@bib17] All of the transcribed RNA were stored at −80°C. The ssODN was synthesized at Sangon Biotech (<http://www.sangon.com/>) as the following sequence: 5′-GACGTATGGTGTTGGGTAAATCCGGGAGGACATTTGCATGTGAAGCCGCCAATGGTGTTAACACgTAGGAACTGGCAGTTGTGTTGCTTGGTTGCACACTCATCAAGATC-3′.

Cell Culture and Transfection {#sec4.3}
-----------------------------

HEK293T cells were cultured in DMEM (Hyclone), supplemented with 10% fetal bovine serum (FBS) (v/v) (Gemini). The RNP complex was transfected using the Nuclear transfection with the Lonza protocol (<https://www.lonza.com/>) to make the mutant cells. In brief, the transfection buffer was prepared according to the protocol (V4XC-2024; Lonza). 1 M cells were picked and washed with PBS for one time; then the PBS was removed thoroughly. The quantity of the Cas9 protein, sgRNA, and ssODN was 3, 1.5, and 3 μg, respectively. The RNP-ssODN was mixed with the prepared buffer for electric shock with the program DS150 at the 4D instrument. The plasmids were transfected using Lipofectamine 2000 reagent (Life Technologies) according to manufacturer's protocols, to correct the mutant cells.

Flow Cytometry and Identification of Positive Cell Colony {#sec4.4}
---------------------------------------------------------

Three days after transfection of the RNP complex, a part of the cells was harvested and subjected to the flow cytometry for single-cell sorting. The single cell was cultured in a 96-well plate for about 10 days; then the cell colonies were divided into two parts. One part was used to identify the genotype, and another part was cultured in a 24-well plate. The cells used for genotyping were lysed in the lysis buffer (50 mM KCl, 1.5 mM MgCl~2~, 10 mM Tris \[pH 8.0\], 0.5% Nonidet P-40, 0.5% Tween 20, 100 μg/mL protease K) at 65°C for 30 min, then 98°C for 3 min. 1 μL lysate was used as the template to amplify the target sequences using the related primers ([Table S1](#mmc1){ref-type="supplementary-material"}).

IVF and Microinjection {#sec4.5}
----------------------

The immature oocytes were cultured in maturation medium (Cooper Surgical/SAGE, Trumbull, CT, USA) supplemented with 75 mIU/mL follicle-stimulating hormone (FSH) and luteinizing hormone (LH). The mature oocytes fertilized with the MFS patient's sperm using ICSI. 16--18 hr later, the fertilization was confirmed by formation of two pronuclei. The concentrations of BE3 mRNA and sgRNA were adjusted to 100 and 50 ng/μL as previously reported.[@bib17] Microinjection was performed using an inverted microscope equipped with a microinjector and micromanipulators. The corrected embryos will be cultured for 2 days using standard procedures. Then these embryos were digested using acidic Tyrode's solution (Solarbio, Beijing, China). The collected embryos were amplified using Discover-sc Single Cell Kit (N601-01; Vazyme) to obtain enough DNA for genotype identification.

Off-Target Analysis and Deep Sequencing {#sec4.6}
---------------------------------------

We used two softwares to analyze the off-target for mutation sgRNA and correctional sgRNA (<http://crispr.mit.edu/> and <https://crispr.cos.uni-heidelberg.de/>), and 7 off-target sites for mutation sgRNA and 32 off-target sites for correctional sgRNA were obtained. The PCR products containing the on-target and the off-target were amplified using the related primers ([Table S1](#mmc1){ref-type="supplementary-material"}). The purified PCR products were submitted to sequence using the Illumina Nextseq 500 (2 × 150) platform at CAS-MPG Partner Institute for Computational Biology Omics Core (Shanghai, China), and 1 M clean data was generated for each site. BWA and Samtools were used to process the data.

Whole-Genome Sequencing {#sec4.7}
-----------------------

Whole-genome sequencing of the genomic DNA from the embryos was performed at a sequencing depth of 30× to 40× using an Illumina HiSeq X Ten (2 × 150 PE) at the HuaGen Biotech Institute (Shanghai, China). The sequencing data were mapped using BWA v0.7.16 with a human reference genome (GRCh38/hg38). Sequence reads were marked for duplicates using Sambamba v0.6.7 and realigned using Genome Analysis Toolkit (GATK v3.7) IndelRealigner. Variants were identified by GATK HaplotypeCaller, and then the quality was evaluated using GATK VariantFiltration. To figure out the potential off-target sites, C-to-T and G-to-A were picked out. We also excluded the common SNPs between the corrected and the control embryos.
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